Crystal structures and magnetic properties of metal telluromolybdates 
Introduction
The metal telluromolybdates MTeMoO 6 (M = Mg, Mn, Co, Zn, Cd) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] have attracted many researchers due to the catalytic properties for allylic oxidation of olefins [1, [14] [15] [16] . However, the structural information for these materials had been unknown for a long time except for the unit cell parameters and space groups. After about two decades from the first report of these compounds, Laligant determined the crystal structures for orthorhombic CoTeMoO 6 and tetragonal CdTeMoO 6 by the powder x-ray diffraction, electron diffraction, and high-resolution electron microscopy measurements [11] . These compounds adopt fluorite-related structures in which the M Recently we have reported the crystal structure and magnetic properties of MnTeMoO 6 [12] . This compound shows characteristic magnetic properties reflecting its layered structure, and the temperature dependence of magnetic susceptibility is well explained by the Heisenberg model of S = 5/2 ions in a 2D square-planer lattice with an antiferromagnetic interaction (J/k B = -1.96 K) between the nearest pair of Mn ions. At 20 K, the long-range antiferromagnetic ordering of Mn 2+ magnetic moments occurs due -4 - to the magnetic interaction between layers; this interaction is also antiferromagnetic from the determined magnetic structure. On the other hand, the magnetic properties of the CoTeMoO 6 are not well known. Only the values of effective magnetic moment (5.98  B ) and Weiss constant (-58 K) determined by the magnetic susceptibility (T =100-300 K) were reported [13] , but the susceptibility data were missing in the literature. The Co 2+ ion often shows a highly anisotropic magnetic behavior attributed to the residual orbital angular momentum, which is contrastive to the isotropic Mn 2+ ion. Thus, it is interesting to know how this difference affects the magnetic behavior at low temperatures.
In this paper, we have studied the crystal structure and magnetic properties of CoTeMoO 6 by using the powder x-ray and neutron diffraction, magnetic susceptibility, magnetization, and specific heat measurements. In order to obtain the further information concerning the two-dimensional behavior of this compound, solid solutions Co 1-x Zn x TeMoO 6 (x = 0.1, 0.2, …, 0.9) were also investigated.
Sample preparation
Polycrystalline samples for CoTeMoO 6 and solid solutions Co 1-x Zn x TeMoO 6 (x = 0.1, 0.2, …, 0.9) were synthesized by the conventional solid-state reaction. As starting materials, CoO, ZnO, TeO 2 and MoO 3 were used. Stoichiometric amounts of them were mixed in an agate mortar. The mixtures were pressed into pellets and sealed in an evacuated silica tube to prevent the loss of reagents by the volatilization, and then the ampoules were fired at 823-873 K for 12  3 h with intermediate grindings and pelletings.
Powder x-ray and neutron diffraction measurements
The powder x-ray diffraction (XRD) measurements were performed at room temperature in the range 10º ≤ 2 ≤ 120º using a 2 step size of 0.02º with Cu-K radiation on a Rigaku MultiFlex diffractometer. Powder neutron diffraction (ND) profiles were also measured for CoTeMoO 6 at 10, 80 K and room temperature in the range 3º ≤ 2 ≤ 153º at intervals of 0.02º with the wavelength of 1.81424 Å.
Measurements were performed by the Kinken powder diffractometer for high efficiency and high resolution measurements, HERMES, of the Institute for Materials Research -6 -(IMR), Tohoku University [17] , installed at the JRR-3M reactor in Japan Atomic Energy Agency (JAEA), Tokai. The XRD and ND data were analyzed by the Rietveld technique, using the programs RIETAN2000 [18] and FullProf [19] , respectively.
Magnetic susceptibility and specific heat measurements
The temperature dependence of the magnetic susceptibilities was measured under both zero-field-cooled (ZFC) and field-cooled (FC) conditions in an applied field of 0.1 T over the temperature-range 1.8-400 K using SQUID magnetometer (Quantum Design, MPMS-5S). For the CoTeMoO 6 , the field dependence of magnetization at 5 K in the field-range of -5 T ≤ H ≤ 5 T and the remanent magnetization measurements were also performed. For the latter measurement, the sample was cooled down to 5 K, and the magnetic field was applied up to 5 T and then reduced to zero. After that, the data were collected in the temperature range from 5 to 40 K.
In addition, the specific heat measurement for CoTeMoO 6 was carried out using a relaxation technique with a commercial physical property measurement system (Quantum Design, PPMS model) in the temperature range 1.8-300 K. The sintered sample in the form of a pellet was mounted on a thin alumina plate with grease for better thermal contact. 18) for all the compounds. The structural refinements were performed by the Rietveld method using a structural model for CoTeMoO 6 [11] , and all the data showed a good agreement between observed and calculated intensities. The powder neutron diffraction measurements were carried out for CoTeMoO 6 , and the diffraction profiles are shown in Fig. 4 . The nuclear Bragg peaks observed in the data at 10, 80 K, and room temperature suggest that this compound keeps the orthorhombic structure down to 10 K, i.e., no evidence for a structural phase transition is found. The profile at 10 K shows the magnetic Bragg peaks indicating the occurrence of the long-range magnetic ordering, which will be discussed later. The refined structural parameters are summarized in Table 1 , and bond lengths and bond valence sums (BVSs) calculated from these parameters are listed in Table 2 [20] and Ln 2 Te 4 O 11 (Ln = lanthanides) [21] .
Magnetic susceptibilities for Co 1-x Zn x TeMoO 6
The temperature dependence of the inverse ZFC magnetic susceptibility for value no magnetic anomaly has been found. As will be discussed later, this anomaly is due to an antiferromagnetic ordering of the Co 2+ magnetic moments with a small spin canting. Thus, the onset of the divergence, i.e., the temperature at which a small ferromagnetic component derived from the canting antiferromagnetic ordering appears, is the Néel point in these compounds. The variation of the Néel temperature (T N ) is plotted in Fig. 6(c) . The T N decreases quickly with increasing x and the magnetic -10 -transition disappears between x = 0.4 and 0.5 even though the concentration of the magnetic ion is still >50 %. Such a behavior is characteristic for the low-dimensional magnetic system, and the critical point for Co 1-x Zn x TeMoO 6 shows a good agreement with a percolation limit calculated for the square-planer lattice (the critical concentration of magnetic ions is 0.59) [23] .
Magnetic properties of CoTeMoO 6
The field dependence of the magnetization measured at 5 K and the temperature dependence of the remanent magnetization for CoTeMoO 6 ions because the strength of the D-M interaction is proportional to (g -2)/g [22] .
The Co 2+ (3d 7 ) ion in the octahedral crystal field often shows large g values [22, 24] while the value of the Mn 2+ (3d 5 ) ion is normally ~2; in the latter this interaction is expected to become negligibly weak. expected from the fourfold-degenerated ground state of the high-spin 3d 7 ion. These results indicate that most of the magnetic entropy is lost before reaching T N , which may be due to the short-range magnetic ordering in the ab plane.
Powder neutron diffraction profile for CoTeMoO 6 shows additional low-angle peaks below the magnetic transition temperature (Fig. 4(b) ). These peaks indicate that the long-range antiferromagnetic ordering of the Co 2+ magnetic moments occurs, and can be indexed using a propagation vector k = (0, 0, 1/2). This vector is the same as that found in the Mn analogue, MnTeMoO 6 [12] ; thus the antiferromagnetic structure of the Mn compound was tested for CoTeMoO 6 as a starting model and finally it was found that a non-collinear antiferromagnetic structure with a small ferromagnetic component brings about a good calculation result. The determined magnetic structure of CoTeMoO 6 is illustrated in Fig. 11 , and the ordered magnetic moments of Co ions are shown in Table 3 . The magnetic unit cell is represented as a mag = a, b mag = b, and c mag = 2c. The total ordered moment for Co 2+ ion is determined to be 3.13(3)  B , which is reasonable for the high spin state of the 3d 7 ion (S = 3/2). Its major component orders antiferromagnetically and the direction is along the b-axis, which is corresponding to the magnetic structure of MnTeMoO 6 [12] . In addition, a small ferromagnetic component along the a-axis exists in CoTeMoO 6 , and this moment is comparable to that observed in the magnetic measurements.
Summary
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